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We show that the stray field generated by isolated magnetic skyrmions can be used to trap
ultracold atoms. Specially, ring-shaped and double-well trapping potentials for ultracold atoms can
be created by combining the field from two isolated skyrmions. The geometry size, potential barrier,
trapping frequency and Majorana loss rate of these magnetic traps can be tuned by the external
magnetic field or device configuration. The results here could be useful to develop atomtronics
devices by manipulating the magnetic skyrmions with modern spintronics techniques.
I. INTRODUCTION
The magnetic traps have been widely exploited to spa-
tially confine and store the neutral atoms at extremely
low temperatures, which are the key ingredients to in-
vestigate the ultracold atom physics and design atom-
based quantum devices[1, 2]. The magnetic fields for
the traps are usually generated from the current-carrying
conductive microstructures[1], permanent magnets with
fabricated patterns[2, 5]. Alternatively, several schemes
have been proposed and realized to trap the ultracold
atoms with the magnetic field carried by certain topo-
logical defects, such as the domain wall in ferromagnetic
material[6, 7], vortex in superconductors[8, 9], etc. Com-
pared with the artificial structures, the magnetic traps
based on topological defects can be controlled, reconfig-
ured and scaled in an easier way.
The experimental discovery of magnetic skyrmion in
chiral ferromagnetic materials[10–12] provides another
promising opportunity to design the magnetic traps for
ultracold atoms. The emergence of such kind of spin
texture will significantly affect the stray field distribu-
tion near the film surface[13–15]. Depending on the host
materials, the size of magnetic skyrmion can vary from
several nanometers to several hundreds nanometers[16–
18]. This feature makes it flexible to get nanoscale
magnetic traps, which is rather difficult for the conven-
tional microstructures[1, 2]. Furthermore, the spintron-
ics techniques to create, control, and eliminate the mag-
netic skyrmions have been well developed nowadays[16–
18]. Therefore, the skyrmion-based magnetic traps can
be easily reconfigured and moved by modern spintron-
ics techniques, which will be advantageous for practical
applications. If fact, it has been proposed that several
types of magnetic lattices for ultracold atoms can be con-
structed from the stray field of chiral ferromagnetic film
in skyrmion lattice phase[19].
In this paper, we show that the magnetic traps can
be constructed from the stray field of isolated magnetic
skyrmions. Furthermore, we find that the range-shaped
and double-well magnetic traps can be realized by plac-
ing two magnetic skyrmions appropriately. We will also
∗ yongwang@nankai.edu.cn
study how to tune the physical properties of these traps
by external magnetic field or device geometry, and dis-
cuss their potential applications to develop quantum de-
vices based on ultracold atoms.
FIG. 1. (Color online) Schematic diagram for the magnetic
trap with single skyrmion. A chiral ferromagnetic film is
placed in the x-y plane with an isolated skyrmion at the
origin of coordinates. B0 = (0, 0,−B0) is a bias mag-
netic field to create a zero-field point at finite height, and
BM (t) = BM (sin(ωM t), cos(ωM t), 0) is a rotating magnetic
field to suppress the Majorana loss. An untracold atom is
trapped at the minimum point of the magnetic potential.
II. TRAP WITH SINGLE SKYRMION
Fig. 1 demonstrates the basic principle to construct
a magnetic trap for ultracold atoms from one isolated
magnetic skyrmion. The skyrmion is generated in a chi-
ral ferromagnetic film with thickness d, which will es-
tablish the stray field Bc(r) near the film surface. Re-
cently, this stray field has been measured by nitrogen va-
cancy center based magnetometry[13] and magnetic force
microscopy[14]. A bias magnetic field B0 is applied in or-
der to create a zero-field point at finite height. Such a
zero-field point is desirable to trap the ultracold atoms
prepared at weak-field seeking state[2]. Besides, a ro-
tating magnetic field BM = BM (sin(ωM t), cos(ωM t), 0)
is introduced to suppress the Majorana loss at the zero-
field point[9]. Such a configuration will generate a poten-
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2tial U(r) = mF gFµBB(r) for the atom in the hyperfine
state |F,mF 〉. Here, B(r) is the modulus of the total
field B = Bc + B0 + BM ; gF is the Lande´ factor, µB is
the Bohr magneton, F is the total angular momentum
quantum number, mF is the magnetic quantum number
of the atom. This potential can trap the ultracold atoms
with weak-field seeking state (mF gF > 0) at its minimum
point, with the trapping frequency ωT =
√
U ′′/ma and
the Majorana loss rate Γ/2pi = ωT exp(−4ωL/ωT )[2, 9].
Here, ma is the mass and ωL is the Larmor precession
frequency of the atom.
The magnetization configuration m(r) for a single
magnetic skyrmion can be obtained by performing the
microscopic magnetic simulations for the chiral ferro-
magnetic film, whose energy density functional is defined
as[15–19]
E [m] = J
2
(∇m)2 −Dm · (∇×m)−Km2z −MsB0 ·m.
(1)
The four terms in E [m] describes the Heisenberg ex-
change interaction, Dzyaloshinskii-Moriya interaction,
perpendicular magnetic anisotropy energy, and Zeeman
energy, respectively. During all the simulations in this
paper, the size of the film is set as 100×100×1 nm3 and
periodic boundary condition has been exploited. The ma-
terial parameters are set as J = 20 pJ/m, D = 3 mJ/m2,
K = 0.7 MJ/m3. Besides, the saturation magnetiza-
tion Ms = Ms = 580 kA/m and the Gilbert damping
coefficient α = 0.05 have been used. Then the profile
of an isolated magnetic skyrmion is obtained by relax-
ing an initial configuration m0(r) of the film, where a
21 × 21 × 1 nm3 region in the middle is set as (0,0,1)
and the other part as (0,0,-1). Finally, the spatial dis-
tribution of the stray field Bc(r) is calculated from the
magnetization configuration m(r) as
Bc(r) =
µ0
4pi
∫
dr′
3(m(r′) · Rˆ)Rˆ−m(r′)
R3
. (2)
Here, µ0 is the vacuum permeability, and R = r− r′ de-
notes the displacement vector between two spatial points.
After setting the skyrmion center as the origin of co-
ordinates and the chiral ferromagnetic film in the x-y
plane, Fig. 2(a) and (b) present the distribution of Bc(r)
in the cross-sectional planes y = 0 nm and z = 15 nm
when B0 = 0. As expected, Bc(r) is cylindrically sym-
metric around the z-axis and will gradually decay away
from the skyrmion. Especially, Bc(r) on the z-axis
will be along the z-direction. These features can be
further understood from an approximate expression of
m(r) = (sin θ cosψ, sin θ sinψ, cos θ) in the polar coordi-
nates for the isolated skyrmion [14], where
θ = pi − sin−1(tanh(ρ+R
w
))− sin−1(tanh(ρ−R
w
)),
ψ = tan−1(
y
x
).
FIG. 2. (Color online) Magnetic field distributions of the
magnetic trap with single skyrmion. (a) Bc and its modulus
in the x-z plane with y = 0 nm; (b) Bc and its modulus in the
x-y plane with z = 15 nm; (c) B and its modulus in the x-z
plane with y = 0 nm; (d) B and its modulus in the x-y plane
with z = 15 nm. Here, Bc is numerically calculated from the
microscopic simulation; B0 = 10 mT and BM = 5 mT have
been exploited to construct the trap.
Here, ρ =
√
x2 + y2, R and w are the radius
and thickness of the skyrmion[14]. With the dipole
approximation[14], the stray field in the cylindrical co-
ordinates generated by the skyrmion will be
Bc,ρ =
µ0P
4pi
3ρz
(ρ2 + z2)5/2
, Bc,z =
µ0P
4pi
2z2 − ρ2
(ρ2 + z2)5/2
.
Here, P = P zˆ is the magnetic dipole moment of the
skyrmion with P = 2piMsd
∫∞
0
dρρ(1 + cos θ(ρ))[14].
When ρ = 0, we will get Bc,ρ = 0 and Bc,z =
µ0
2piPz
−3,
which coincides with the numerical results in Fig. 1(a)
and (b) above.
When the bias magnetic field B0 = (0, 0,−B0) is
turned on, the zero-field point will be created on the z-
axis with the height zmin = (
µ0
2pi
P
B0
)
1
3 . The application
of rotating magnetic field BM will further turn the zero-
field point into non-zero minimum point in the trapping
potential U(r). Fig. 2(c) and (d) show the field distribu-
tion in the cross-sectional planes y = 0 nm and z = 15 nm
after setting B0 = 10 mT and BM = 5 mT. Thereby, a
magnetic trap has been established to trap the ultracold
atoms in weak-field seeking state.
The physical properties of the magnetic trap can be
further tuned by the bias magnetic field B0. Firstly, the
trapping height zmin will become smaller with stronger
bias field. As shown in Fig. 3(a), zmin extracted from the
simulated U(r) will decline from about 40 to 10 nm when
B0 increases from 0.5 to 20 mT, which also agree well
with the analytical results in the dipole approximation.
This fact makes it possible to load the cold atoms from
infinite region to the magnetic trap adiabatically[20].
3FIG. 3. (Color online) The dependence of trap parameters
on the bias field B0 for
87Rb atom in the hyperfine state
|F = 2,mF = 2〉. (a) trapping height zmin, which has been
obtained from micromagnetic simulation (real line) and from
the dipole approximation analytically (dashed line); (b) trap-
ping barrier Ubarr; (c) trapping frequency ωT ; (d) Majorana
loss rate Γ. Here, BM = 5 mT. ρ and z denote the radical
and axial components of ωT and Γ.
Besides, the trapping barrier Ubarr, trapping frequency
ωT and Majorana loss rate Γ of the trap are investigated
for 87Rb atom in the hyperfine state |F = 2,mF = 2〉.
The trapping barrier Ubarr = U(r →∞)−U(rmin) is the
potential for the atoms to overcome. Considering that
B(r → ∞) = √B20 +B2M and B(rmin) = BM , Ubarr
will be irrelevant to the magnetic field Bc, which van-
ishes far away from the magnetic skyrmion. As shown
in Fig. 3(b), Ubarr will monotonically increase from 0 to
about 1 µeV along with the increased bias field B0 from
0 to 20 mT. Since the trapping potential is cylindrically
symmetric around the z-axis, there will exist the radical
and axial components for both ωT and Γ. As shown in
FIG. 4. (Color online) Magnetic field distributions in the
x-z plane with y = 0 nm (left) and isosurfaces of field mod-
ulus B(r) (right) for three types of magnetic traps formed
by two isolated skyrmions. (a) ring-shaped trap with iso-
surface values 5.5, 6, 6.5 mT; (b) intermediate trap with iso-
surface values 6, 7, 8 mT; (c) double-well trap with isosur-
face values 7, 9, 11 mT. The bias fields B0 for the three traps
are 5,9,15 mT, respectively. The distance d between the two
skyrmions is 41 nm, and BM = 5 mT.
Fig. 3(c) and (d), when the bias field B0 increases from 0
to 20 mT, ωT,ρ/2pi will increase from 0 to about 40 MHz
and ωT,z/2pi will increase from 0 to about 20 MHz; mean-
while, Γ/2pi will exponentially increase to about 105 Hz
due to the large trapping frequency. Therefore, a stronger
bias field can result in a higher trapping frequency for the
trap, but will also cause larger Majorana loss. A mod-
erate bias magnetic field should be chosen in practical
applications.
III. RING-SHAPED AND DOUBLE-WELL
MAGNETIC TRAPS
In addition to the single-well trap, other types of traps
have also been designed and realized for ultracold atoms.
Examples include the ring-shaped trap[21–24] for iner-
tial sensor or gyroscope and double-well trap[25–27] for
matter-wave interferometry. Here, we show how to con-
struct ring-shaped and double-well magnetic traps with
two magnetic skyrmions locating in two identical chiral
ferromagnetic films. These two films are in parallel to the
x-y plane and their distance is d. The centers of the two
skyrmions are both on the z-axis, and the origin of the co-
ordinates is reset in the middle of the two centers. Then
the cylindrical symmetry around the z-axis will still be
4maintained for the stray field Bc between the two films.
Within the dipole approximation, the field distribution
in the z = 0 plane will be
Bc,ρ(ρ, z = 0) = 0, Bc,z(ρ, z = 0) =
µ0P
2pi
(2(d2 )
2 − ρ2)
(ρ2 + (d2 )
2)
5
2
;
while in the z-axis, one has
Bc,ρ(ρ = 0, z) = 0, Bc,z(ρ = 0, z) =
µ0P
pi
((d2 )
3
+ 3(d2 )z
2)
((d2 )
2 − z2)3
.
Obviously, the zero-field points of Bc will form a ring
with the radius ρmin =
d√
2
in the z = 0 plane if no bias
magnetic field is applied. Therefore, the ultracold atoms
in the weak-field seeking state can be trapped in a ring-
shaped potential in this case. However, if a bias magnetic
field B0 = (0, 0,−B0) is present, the radius ρmin of the
ring will expand if B0 < 0 and shrink if B0 > 0. In
particular, the ring will shrink into a point at the critical
value B0 =
8µ0P
pid3 , where the ring-shaped trap will become
a single magnetic trap. Furthermore, if B0 >
µ0
pi
8P
d3 , two
zero-field points will symmetrically appear at ±zmin on
the z-axis, which can be used to construct a double-well
magnetic trap for cold atoms.
The deduction above is confirmed by the spatial distri-
bution of magnetic field between two chiral ferromagnetic
films based on micromagnetic simulation. The same ma-
terial parameters in previous section have been exploited
and the distance of the two films is d = 41 nm. A ro-
tating magnetic field with BM = 5 mT is also included.
As an example, Fig. 4(a) displays the field distribution
in the cross-sectional plane y = 0 nm for a ring-shaped
trap, where the bias field is B0 = 5 mT. When B0 is
increased to 9 mT, the ring-shaped trap will becomes a
single magnetic trap centered at the origin with its field
distribution in Fig. 4(b). This single magnetic trap will
then be split into the double-well trap for larger bias field,
and the case for B0 = 15 mT is given in Fig. 4(c).
The evolution of magnetic potential U(r) under the
bias field B0 is further calculated for
87Rb atom in the
hyperfine state |F = 2,mF = 2〉. For given d = 41 nm,
Fig. 5(a) shows U(ρ, z = 0) for the ring-shaped traps with
B0 = 3.5, 4.0, 4.5, 5.0 mT, while Fig. 5(a) shows U(z, ρ =
0) for the double-well traps with B0 = 16, 17, 18, 19 mT.
The results show that the order of magnitude of U(r)
will be tenths of µeV, which corresponds the temperature
at the level of mK. Moreover, the ring-shaped trap and
double-well trap are characterized by the size ρmin, zmin
and the potential barrier ∆R,∆DW , and their depen-
dence on the bias field B0 and the distance d are given
in Fig. 5(c) and (d), respectively. For fixed d, rmin will
continuously reduce to zero and then zmin will mono-
tonically increase from zero when B0 is continuously in-
creased from 0 to 20 mT, which coincide with the an-
alytical results above. Besides, the critical values of
bias field where rmin = zmin = 0 will become larger
for smaller distance d. Therefore, it is also possible to
FIG. 5. (Color online) The dependence of trapping poten-
tial U(r) on the bias field B0 and distance d for
87Rb atom
in the hyperfine state |F = 2,mF = 2〉. (a) U(ρ, z = 0)
of the ring-shaped trap with fixed d = 41 nm and different
B0 = 3.5, 4, 4.5, 5 mT; (b) U(ρ = 0, z) of the double-well trap
with fixed d = 41 nm and different B0 = 16, 17, 18, 19 mT;
(c) B0-dependent trap size ρmin and zmin for different d =
31, 36, 41, 46, 51 nm; (d) B0-dependent potential barrier ∆R
and ∆DW for different d = 31, 36, 41, 46, 51 nm. RT: ring-
shaped trap; DWT: double-well trap.
switch the range-shaped and double-well magnetic traps
by tuning the distance d for fixed B0. On the other hand,
∆R will continuously decrease when the ring-shaped trap
is shrunk, while ∆DW will monotonically increase with
the increased bias field. This fact can be further under-
stood from the strength of total magnetic field at the ori-
gin, where B(r = 0) =
√
( 8µ0Ppid3 −B0)2 +B2M under the
dipole approximation. At the critical field B0 =
8µ0P
pid3 ,
one has B(r = 0) = BM and the potential barrier will
vanish.
Fig. 6 displays the trapping frequency ωT and Majo-
rana loss rate Γ of the magnetic traps for 87Rb atom in
the B0-d parameter plane, which is divided into two re-
gions for the ring-shape trap and double-well trap by a
critical curve for the single trap. As given in Fig. 6(a)(b),
high ωT can be achieved by increasing the bias field B0
and decreasing the layer distance d for the ring-shaped
5FIG. 6. (Color online) The dependence of trapping frequency
ωT and Majorana loss rate Γ on the bias field B0 and distance
d for 87Rb atom in the hyperfine state |F = 2,mF = 2〉.
(a) radical component of ωT ; (b) axial component of ωT ; (c)
radical component of Γ; (d) axial component of Γ. RT: ring-
shaped trap; DWT: double-well trap. The black dashed curve
denotes the parameters to form the intermediate traps.
trap; while for the double-well trap, both large B0 and d
will result in high ωT . On the other hand, ωT will dras-
tically decrease in the region around the critical curve
or the line B0 = 0 due to the loose trapping potential.
Meanwhile, the Majorana loss rate will follow the same
tread as the trapping frequency. As shown in Fig. 6(c)(d),
Γ/2pi can vary from less than 0 to 105 Hz when ωT /2pi in-
creases from 0 to about 40 MHz. The results here suggest
that relatively high trapping frequency (∼ 1 MHz) with
sufficiently low Majorana loss rate(∼ 1 Hz) can be real-
ized for both the ring-shaped and double-well magnetic
traps.
IV. CONCLUSION
In conclusion, we show that the stray field of isolated
magnetic skyrmions in chiral ferromagnetic film can be
utilized to design magnetic traps for ultracold atoms.
Single-well trap, ring-shaped and double-well traps with
high trapping frequency and low Majorana loss rate can
be realized by reasonably choosing the material parame-
ters, device geometry and external magnetic field. Con-
sidering that magnetic skyrmion is topologically stable
and can be flexibly manipulated by modern spintronics
techniques, the strategy proposed here could be advan-
tageous to integrate the skyrmion-based magnetic traps
into the atomtronics devices.
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